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ABSTRACT

Sub-micron particulates emitted from various combustion sources have serious
negative impacts on human health and the environment. It is essential to accurately
characterize the physical properties of these particulates including size, shape, structure,
and chemical composition in order to monitor, regulate, and model the various transport,
toxic, optical, chemical, and deposition properties which dictate their harmful effects.
This study consists of two related investigations involving the application of diagnostics
methods to characterization and comparison of combustion generated particulate
emissions from various sources. The first investigation includes the measurement of
particulates emitted from a compression-ignition (diesel) engine using two independent
measurement methods based on microscopy and mobility sizing and comparing the
results. The two methods are markedly different in their approach to measuring the
distributions o f particle sizes, and each has its own advantages and disadvantages.
However, there is no established relationship which correlates the size information
provided by each method. So a careful comparison of the results is performed. In the
second investigation, particulate emissions from compression-ignition engines, sparkignition engines, and coal power plants are investigated for individual characterization
and comparison using electron microscopy image analysis. Identifying key differences in
the morphology and composition of the particulates emitted from these three combustion
processes will extend the particulate knowledge base for the combustion community and
may aid in the identification of significant sources in heavily polluted locations and allow
for improved emission reduction strategies.
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Symbol

Description

4,

aggregate projected area

d.

aggregate projected area equivalent diameter

4

aggregate gyration diameter

d,

diameter of calibration latex sphere

d.

mobility diameter

dp

diameter of primary particle (spherule)

Df

aggregate fractal dimension

D M

aggregate fractal dimension based on mobility diameter

e

elementary charge on proton, 1.6022*10‘12 erg/Volt
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correlation constant based on aggregate projected area

K

Boltzmann’s constant, 1.3807*10‘16 erg/K

kf

aggregate fractal prefactor

K

correlation constant based on aggregate length

L

aggregate maximum length

np

number density of primary particles

N

number o f primary particles per aggregate

pdf

probability density function

X lll

a
a
a
a

aerosol inlet volumetric flow rate
clean air inlet volumetric flow rate
main (excess) air outlet volumetric flow rate
aerosol sampling (outlet) volumetric flow rate
outer radius o f the DMA center rod

*2

inner radius of the DMA classifier housing

T

absolute temperature o f flow in DMA

V

signed voltage on the center rod o f DMA

W

aggregate width
dimensionless particle electric mobility

n
n G

mean value of the included quantity
geometric mean of included quantity

Greek symbols
P

dimensionless DMA flow parameter, (Qs + Qa)l(Q m+ QC)

8

dimensionless DMA flow parameter, (Qs - Qa) / (Qs + Qa)

G

standard deviation; dimensionless DMA diffusion parameter
DMA transfer function considering particle diffusion

1. INTRODUCTION

1.1. GENERAL PROBLEM STATEMENT
Sub-micron particles produced by combustion processes have a significant impact
on health by penetrating through the human respiratory system, and on the environment
by accelerating global climate change. Existing emission standards impose restrictions
on the total mass of emitted particulate matter larger than 2.5 pm (PM2.5).

While

particulates below this size threshold provide only a small contribution to the overall
mass, transforming regulations from mass basis to size basis is emphasized due to the
harmful consequences o f smaller particles. Particulate size and morphology are directly
related to their transport, toxic, optical, chemical, and deposition properties. Therefore,
the relevant sizes, in addition to mass, are of special interest as they determine the
harmful effects. These characteristics govern the particulate inhalation, settling time,
radiation balance and visibility levels, and participation in atmospheric chemistry.
Accurate characterizations of such particulate matter based on independent diagnostic
techniques are necessary to monitor, regulate, and model atmospheric pollution levels.
While there is abundant information in the aerosol literature on the apparent size
distributions of diesel particulates measured with mobility sizers, it is unclear how well
such commercial instruments can characterize aggregated particles due to spherical
interpretation and potential alterations of physical properties within extensive sampling
and dilution lines. Recent work completed by Teng [1] compared mobility measurements
to independent measurements of particulates in laboratory flames. His results bolstered
concerns about the physical interpretation of the mobility measurements in comparison
with other particle sizing techniques, and so a practical application has been considered
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here as an extension to his investigation.

In the present study, these experimental

concerns were assessed by comparing equivalent size measurements from a differential
mobility analyzer to the actual physical dimensions and morphologies obtained from
direct transmission electron microscope (TEM) observations of particulates sampled from
the exhaust of a diesel engine with rapid thermophoretic deposition technique.
Airborne emissions from compression-ignition (Cl) engines, spark-ignition (SI)
engines, and coal/woodchip power plants are associated with a variety of adverse effects
on the environment and human health. Accurate characterization of the particulates
emitted from these sources will increase the scientific knowledge regarding the
combustion processes, may allow for evaluations of potential health and environmental
risks, and is essential for developing reduction/control strategies.

1.2. LITERATURE REVIEW
1.2.1. Particulate Emissions. Although the effects of fine particulate pollution
have been relatively neglected compared to chemical pollutants such as ozone and sulfur
dioxide, severe negative effects on human health have recently been attributed to these
aerosol particles.

Current EPA standards for identifying particulate pollution from

combustion sources are largely based on the total mass of particles larger than 2.5
micrometers. Smaller particles are labeled as fine particles and are neglected due to their
negligible mass contribution. However, exposure to these fine particles may result in
increased cases o f illness, leading to the loss of human life. More stringent limitations of
particulate emissions are therefore being considered.

The studies mentioned in this

document will deepen the understanding of particulate measurements and emissions and
may allow for more sophisticated measurement techniques to be used in the future of
emissions monitoring.
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Human exposure to particulate matter primarily affects the respiratory and
cardiovascular systems.

When fine particles are inhaled, they are deposited on the

surfaces of the respiratory system, such as the lungs. Due to the presence of the particles,
the lungs have a diminished ability to function. The result is an increase in asthmatic
reactions by those who have been exposed to particulate matter. Some o f the particles
will then be absorbed into the blood stream where they are carried to other parts of the
body and can lead to more serious cardiovascular problems such as heart attacks.
The scenic views of national parks and attractions are also diminished by haze
caused primarily by fine atmospheric particles.

The fine particles suspended in the

atmosphere scatter/absorb light and reduce visibility. In the Clean Air Act [2] it is stated
that “Congress hereby declares as a national goal the prevention o f any future, and the
remedying o f any existing, impairment of visibility in mandatory class I Federal areas
which impairment results from manmade pollution.” This research will enable better
estimates and more accurate predictions as to the potential environmental effects of
existing and future combustion processes.
The presence o f particulate matter in the atmosphere can directly affect vegetation
due to physical contact with plant surfaces, or through indirect changes in the in the soil
composition or the atmospheric radiative properties,. Air pollution also causes physical
and aesthetic damage to manmade objects. Combustion generated particles are deposited
on buildings and works o f art and can accelerate the natural weathering process of these
items.
From the preceding arguments, one can clearly see the possible implications of
combustion pollution. This explains why it is imperative for the scientific community to
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develop a deeper understanding o f the particulate emissions and also to develop and
evaluate effective and accurate measurement techniques.
Internal combustion engines are major sources of airborne particulate matter as up
to 70% of the total emission inventories in urban areas are reportedly related to
transportation vehicles [3]. Reports suggest that these engines represent 20-40% of the
fossil energy combustion in developed countries, and contribute emissions that are
typically concentrated in urban areas [4]. The abundance of internal combustion engines,
coupled with the negative effects of ultrafine particles on human health and the
environment, necessitates the measurement, control, and regulation of the emitted
particulates. However, mass restrictions alone are not sufficient for accomplishing this
purpose. For instance, one study on diesel emissions [5] reported particle numbers of
104-105 particles/cm3 for diameters on the order of 0.1 pm, and about 1 paticle/cm3 for
diameters ranging from 1-10 pm. As mentioned by Lighty et al [4], one particle at 5 pm
diameter weighs the same as 1.2xl05 particles at 0.1 pm diameter, which illustrates the
difficulty in assessing health effects with mass measurements alone.
1.2.2.

Compression-Ignition

Engine

Particulates.

Compression-ignition

(diesel) engines are of primary interest due to their relatively high particle output
compared to spark-ignition (gasoline) engines. Most of the particulate matter emitted
from modem engines have diameters between 0.01 and 0.1 pm, with concentrations of
15-30 mg/m3 and particle numbers of 109/cm3 [4]. Other studies have described the size
range as 0.001 to 1.0 pm [6]. Particulate sizes from diesel engines have commonly been
reported in the past using mobility aerosol sizers [7, 8]. Despite the abundance of these
mobility measurements, the correspondence to the actual dimensions of emitted
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particulates is needed [9, 10, 11, 12]. These commercially available instruments classify
the particles according to their mobility diameters, which may not properly characterize
the combustion-generated particulates in the form of fractal aggregates of small spherical
primary particles (spherules) [13, 14, 15]. As a result, there are concerns that combining
spherule and aggregate sizes with the assumption of spherical geometry may erroneously
describe the total surface area o f particulates. Critical issues also exist with aerosol
dilution systems during the sampling of particulates from the engine exhausts, as size
distributions seem to be modified by the dilution rate and pretreatment o f the particles
along the lengthy sampling lines. Independent diagnostics are therefore necessary to
accurately characterize the relevant particulate sizes.
1.23. Spark-Ignition Engine Particulates. Compared to compression-ignition
engines, spark-ignition (gasoline) engines have much lower mass emissions of particulate
matter.

Most of the particulate matter emitted from these engines have diameters

between 0.01 and 1.0 pm [6], with concentrations as low as 0.1 mg/m3 and particle
numbers o f 10 -10 /cm [4]. However, spark-ignition engine particulate emissions may
become a concern if very tiny particles or number emissions become an issue [3], as the
number of SI engines on the road considerably exceeds that of Cl engines and there are
rising health concerns associated with exposure to ultrafine particulate matter. According
to Wang et al. [6], particulate emission from diesel engines is higher than that from
spark-ignition engines in mass and quantity, but particulate size distributions are nearly
identical. The spark-ignition engines used in the study by Wang et al. were tested with
both gasoline and LPG fuel and showed nearly identical results. Previous measurements
of particulates for spark-ignition engines have been completed using mass-based filtering
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methods, or aerodynamic sizing based on electrical mobility.

Unfortunately,

investigations into the emissions from diesel engines have seemingly overshadowed the
concern for understanding the emission characteristics o f spark-ignition engines. This is
mostly due to the restrictions placed on diesel particulate emissions and the fact that the
particulate mass emitted by compression-ignition engines has been reported as 40-85 [6]
and 10-100 [3] times higher than that emitted from spark-ignition engines.
1.2.4. Coal-Fired Power Plant Particulates.

The last source of particulates

under investigation in this study is the coal power plant. While the byproducts of coal
combustion have been studied and regulated over the years, the conventional technique
has generally included only bulk analysis o f a collection o f coal fly ash. For example,
chemical analysis has been performed, providing only the average chemical compositions
for a given mass. A critical review by Lighty et al. [4] explains that many of the field
studies have been aimed at obtaining information needed for compliance with emissions
regulations, thus the measurements have focused on the total mass of emitted particulates.
While a few researchers have recently attempted to characterize individual coal fly ash
particles, most studies have focused on the micrometer and larger sized particles and data
on ultrafine fly ash particles are sparse [16]. Additionally, a search o f the literature
revealed no studies that have attempted to characterize the individual particulates emitted
from combustion of coal in bulk form, that is, coal that is not pulverized as it is for use in
many modem coal furnaces.

The boiler used for the current study also included

woodchips (biomass) burned in conjunction with the coal, which adds to its deviation
from past studies.
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Chen et al. [16] recently published results from a study in which high-resolution
transmission electron microscopy, energy-dispersive x-ray spectroscopy, and electron
diffraction were used to characterize the morphology, chemical composition, and
microstructure of ultrafine portions o f coal fly ash from the combustion of three types of
coal in a laboratory combustor. In these experiments, pulverized coal was burned in a
laboratory furnace, the coal fly ash with aerodynamic diameters larger than 2.5 pm was
removed with a cyclone, and the remaining fly ash was diluted with filtered air to
ambient conditions before being collected on a 64.8 cm Teflon-coated glass fiber filter.
These samples were stored in vials before being shipped for analysis, where TEM
samples were prepared using two methods. The first method involved ultrasonicating the
fly ash in acetone and depositing drops o f the solution onto TEM grids. The other
method involved imbedding the fly ash in resin and cutting ultrathin sections. The results
o f this study showed that the morphology of the soot aggregates in the coal fly ash is
similar to that of soot aggregates from diesel engine exhaust. Typical aggregate sizes
were reported to be in a range o f 100 nm to 1 pm, however, smaller aggregates were also
present. They also reported primary particle sizes as being typically 20-50 nm in size.
The authors did not provide descriptions of the distributions or the number o f particles
measured for the aggregates or the spherules. Instead, they only described typical sizes
and ranges without quantified justification. The primary particles from their study were
also determined to have concentrically stacked graphitic layers when viewed under high
magnifications. EDS was performed on 120-150 particles per ash sample, and detected
the presence of a number of elemental components in the various particles from the three
sources, including Na, Mg, Al, Si, P, S, K, Ca, Ti, and Fe. Carbon-rich particles were not
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considered for their analysis due to lack o f comparison data for ash samples consisting of
larger particles.
Lighty et al. [4] also discusses the combustion of biomass, i.e. wood. They
explain that biomass particulate matter typically contains significant amounts o f K and
Ca in addition to carbon, and also may contain Fe, Al, Mn, and Si. According to Lighty
et al., burning crop residue with coal in power plants has been proposed as an economical
way to reduce particulate emissions from open burning in the fields while also replacing a
portion of the fossil fuel.

1 3 . RESEARCH OBJECTIVES
13.1. Introduction. The present research consists of two separate, but related,
investigations involving the characterization of particulate emissions from combustion
sources. The first topic of concern is the comparison of measurement results from two
different techniques used to classify the particulate emissions from single source. The
second topic involves the characterization of particulates emitted from three sources
using a single measurement technique and a comparison of the results.
13.2. Comparison o f Mobility and Microscopy Measurements. For the first
investigation, particulate emissions from a compression-ignition (diesel) engine were
characterized using two independent diagnostic methods: thermophoretic sampling (TS)
followed by transmission electron microscopy (TEM) and measurements with a mobility
particle sizer known as a differential mobility analyzer (DMA).

The first method

involves inserting a microscopic grid into the soot stream and removing the particulates
for analysis under a high magnification microscope.

The second method involves

separating the particles into size ranges (according to their electrical mobility) and
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counting the number of particles in each size range. A comparison o f the results from
each method follows for a number o f engine operating conditions.
Thermophoretic sampling [17, 18] has the distinct advantage of being minimally
intrusive to the exhaust flow and requiring no manipulation of the sample such as dilution
or cooling, which may otherwise alter the original state of particulates. Furthermore,
TEM inspections do not require a prior knowledge o f particle properties such as
morphology, density, and refractive index. Rather, this technique can be used to directly
determine spherule and aggregate size distributions, aggregate morphologies, and
particulate concentrations.

The disadvantage of TS/TEM is that it requires tedious

inspection of the sample under the microscope and lengthy analysis with imageprocessing software, making it impractical for widespread commercial and online use.
Mobility particle sizers have commonly been used to investigate the
characteristics of aerosols such as diesel particulates [7, 8].

These instruments can

provide real-time data on instantaneous size distributions for the sample aerosol.
Mobility particle sizers generally require significant dilution o f the aerosol, cooling of the
sample, and extensive transport through sample lines and system components.
Furthermore, these instruments utilize an assumption of spherical particle geometry for
data reduction which is an improper simplification for characterizing combustion
generated aggregates.
In diesel engines, the particulates emitted in the exhaust are typically fractal
aggregates that do not resemble spheres [13, 14, 15].

This study investigates the

similarities and differences between the microscopy and mobility measurements and
attempts to evaluate the proficiency of mobility sizing for the characterization o f diesel
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particulates.

This is a follow-up investigation to that of Teng [1] who considered

comparisons o f these experimental techniques for soot emitted from laminar nonpremixed hydrocarbon-fueled flames under well-controlled conditions. Here, a practical
application is under consideration.
1.3.3. Particulate Characterization and Source Comparison. The latter work
focuses on the characterization of particulates emitted from a compression-ignition
engine, a spark-ignition engine, and a coal-fired power plant using direct sampling and
microscopy techniques. This portion of the research encompasses two important items of
interest. The first concern is to accurately measure the particles that are emitted from
each combustion source to extend the scientific knowledge base. The second concern is
to compare the results from all three sources to identify the key differences between the
particles generated by these different combustion systems.
As previously mentioned, it is essential to accurately characterize the physical
properties o f the particles including size, shape, structure, and chemical composition in
order to monitor, regulate, and model the various transport, toxic, optical, chemical, and
deposition properties which govern their harmful effects.

The properties o f the

particulates from these three sources were evaluated by utilizing direct sampling
techniques which allowed for direct, individual, visual analysis of the particulates using a
transmission electron microscope that also offered the use of energy dispersive x-ray
spectroscopy (EDS) and electron diffraction. These tools were used in classifying and
characterizing the particulates, and the results were then compared for the compressionignition engine, the spark-ignition engine, and the coal/woodchip power plant sources.
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Little size and morphology data is currently available for these particulate
emissions. In addition, a comparison of the morphological characteristics and particulate
composition has not been done for these three sources. Previous measurements for all
three sources have primarily been mass based, with a recent shift towards mobility
measurements for compression-ignition and spark-ignition engines. The microscopy data
for the spark-ignition engine and the power plant particulates is especially limited. No
microscopy data was found for spark-ignition engines, while a few recent studies have
looked at collecting bulk samples from a pulverized-coal combustor and dispersing the
particulates in a solution before microscopy analysis.

The concern is that mass and

mobility based measurements are not able to provide information about morphologies
and nanostructures, which may be significant factors in determining the harmful effects
and possible control measures for the emitted particulates.
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2. EXPERIMENTAL METHODS

2.1. INTRODUCTION
This section provides detailed information regarding the experimental conditions
used to perform the present research. The various combustion sources will be identified
and specifications for the operating and sampling conditions will be given. The various
methods and equipment that were utilized will also be discussed.

2.2. SOURCES AND CONDITIONS
2.2.1. Compression-Ignition Engine. The compression-ignition engine used for
this research was a medium duty diesel engine (John Deere 6059T) with a peak power o f
123 kW at 2500 rpm and peak torque of 538 N.m at 1600 rpm. This was a six cylinder,
turbocharged, 1990’s production engine with a compression ratio of 17.8 to 1 and a
displacement volume of 5.9 L. Low-sulfur, number 2 diesel fuel with a minimum cetane
number of 45 was supplied to the engine. Flow meters controlled the volumetric flow
rates o f fuel and air to monitor the mixture composition entering the engine cylinders.
The engine was coupled to an electric dynamometer and control system to vary engine
speed (revolutions per minute) and relative load (percentage o f the maximum torque at a
given speed). For the current tests, engine speeds o f 900 rpm and 1800 rpm and engine
loads of 50% and 100% were considered.

To ensure a steady-state sampling

environment, a three-stage procedure was practiced to fully warm up the engine for a
period o f 30 minutes prior to each sampling. The sampling occurred through a hole
drilled in the exhaust pipe, just after the turbocharger. Figure 2.1 shows the compressionignition engine and labels the sampling location.
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Figure 2.1. Photograph o f Compression-Ignition Engine: John Deere 6059T

2.2.2. Spark-Ignition Engine. The spark-ignition engine used for this research
was a single-cylinder cooperative fuel research engine (ASTM-CFR), made by the
Waukesha Motor Company. This is a robust engine designed to be used with a variety o f
fuels and under widely varying operating conditions. Isooctane fuel was used to run the
engine during these experiments. Flow meters controlled the volumetric flow rates o f
fuel and air to monitor the mixture composition entering the engine’s single cylinder.
The engine was coupled to an electric dynamometer and control system to vary engine
speed (revolutions per minute) and throttle position (from idle to wide-open). For the
current tests, an engine speed of 1000 rpm at wide-open throttle was considered. In order
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to promote particulate formation, an equivalence ratio o f <() = 1.2 was also used. To
ensure a steady-state sampling environment, the engine was warmed for approximately
one hour to achieve stable conditions for the monitored variables such as exhaust
temperature.

Figure 2.2 is a photograph o f the spark-ignition engine, showing one

location o f sampling.

Figure 2.2. Photograph o f Spark-Ignition Engine: Cooperative Fuel Research Engine
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2.2.3. Utility Power Plant.

The coal-fired boiler studied for this research is

located in the power plant on the campus of the University o f Missouri-Rolla, and is
positioned directly behind the Mechanical Engineering Department. The main purpose of
the power plant is to generate steam that is used for heating and cooling purposes, as well
as providing a few other utilities and approximately 10% of the campus electric power.
The fuel is a mixture o f coal (~ 40%) and woodchips (~ 60%) and is burned in stoker
fired boilers, where the solid fuel is mechanically supplied into the combustor. Here, the
woodchips are added to the coal combustion to reduce the sulfur content to an acceptable
level, as an economic alternative to purchasing more expensive low-sulfur coal.
Approximately twenty operating variables (air flow rates, pressures, temperatures, etc.)
are monitored every two hours by the power plant crew, and were also recorded during
these experiments directly before and after sampling occurred. During the sampling, the
power plant boiler operated at approximately steady-state, as indicated by the minor
fluctuations in the readings o f the variables before and after sampling. Figure 2.3 shows
a distant view of the UMR power plant. Appendix A contains more information about
the power plant and its operating conditions.
Samples were taken from two locations in the exhaust stream: before filtering
through the baghouse and after filtering through the baghouse. The purpose of the
baghouse is to capture the airborne particles in a collection bin so they can be disposed o f
in an environmentally responsible manner, rather than being emitted into the atmosphere
along with the exhaust gases. To accomplish this task, the particulate laden exhaust is
routed from the combustor to the baghouse, where it is forced through several modules
containing large porous bags (GORE-TEX 38AX38031). The gases are allowed to pass
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through the filter membrane, while the majority o f the particles are retained for later
disposal. The filters are not 100% effective at capturing the particles and a number pass
through to the exhaust exit. Previous tests, performed by AeroMet Engineering, Inc.,
showed the UMR baghouse to remove particulates at a rate of 99.4% by mass and 99.4%
by particle count. Figure 2.4 shows the baghouse, which is located adjacent to the
building that houses the boiler, and the ducts that facilitate the flow of the exhaust gases
to and from the baghouse.

Figure 2.3. Photograph of Utility Power Plant: Coal/Woodchip Boiler
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BOILER LOCATION

INLET AND OUTLET DUCTS

Figure 2.4. Photograph o f Utility Power Plant: Bag House

23. MOBILITY PARTICLE SIZER
23.1. Principle of Operation. For access to the diesel particulates, a small hole
was drilled at a location immediately after the engine along the exhaust pipe. The aerosol
sample was acquired using a simple stainless-steel probe that was oriented parallel to the
flow. After exiting the engine exhaust pipe, the aerosol sample was immediately diluted
with filtered air (at a rate of approximately eleven parts filtered air to one part sample
aerosol) to facilitate the separation o f the particulates and hinder potential reactions. The
diluted aerosol sample was delivered to the mobility particle sizer instrumentation,
known as a differential mobility analyzer (DMA), that can cover a mobility size range of
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10 to 1000 nm.

The DMA system [19] consisted of various components, and the

readings were recorded with the aid of specialized computer hardware and software.
The differential mobility analyzer is a system that is used to measure the size
distribution of particles in an aerosol. The basic operating principles for the DMA are as
follows. The system separates the particles according to electrical mobility, which has a
relationship to particle size, and then counts the number of particles corresponding to
each mobility. Electrical mobility is defined as the velocity of a particle with a given
charge in an electric field of unit strength [20]. For spherical particles, it varies according
to the particle diameter and number of charges.
The particles contained in the aerosol are first given a known equilibrium charge
distribution by passing through a bipolar charger. The flow then enters into the
electrostatic aerosol classifier, which facilitates the separation of the particulates
according to their electrical mobility, which is a function o f particle effective
aerodynamics and electrical charging. For each range o f mobilities, the multiply charged
particles are eliminated based on the standard knowledge of the charge distributions for
various sizes. This procedure will be discussed further in the theoretical analysis.
After passing through another bipolar charger, to reestablish the equilibrium
charge distribution and reduce particle losses, the concentrations o f particles were
measured by a condensation particle counter (CPC), which utilized alcohol adsorption
and laser scattering techniques to count individual particles exiting the DMA. The data
collected for each size range was then averaged over the sampling time to provide an
overall size distribution for the engine particulates.
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2.3.2. Apparatus. The DMA system consists of three main components: the
bipolar charger, the electrostatic aerosol classifier, and the condensation particle counter.
The bipolar charger is used to provide an equilibrium charge distribution to the aerosol
particulates by generating a large number of bipolar ions that interact with the sample
flow. The aerosol exits the bipolar charger having a known charge distribution according
to Boltzmann’s Law.

This is the same charge distribution that would be naturally

obtained by the particles if they were allowed sufficient time to reach equilibrium in the
atmosphere. However, because o f the higher concentrations of ions, the equilibrium is
reached within seconds rather than minutes or hours. The particles are then separated
according to their electrical mobility by varying the electric field within the electrostatic
aerosol classifier.
The electrostatic aerosol classifier can differentiate particles from about 5
nanometers to 1000 nanometers. For particles that are irregularly shaped (non-spherical),
the device measures the equivalent Stokes’ drag diameter using the singly charged
particle mobility. The classifier consists of an outer tube and an inner rod. The aerosol
sample is pumped into the top o f the classifier at the outer edge of the tube. Clean,
filtered air is then pumped into the top o f the classifier near the inner rod located at the
center of the tube. These air streams both enter the classifier in a laminar flow. Negative
direct-current voltage is applied to the central collector rod and the positively charged
particles with the correct mobility are extracted through a small opening at the bottom.
The mobility of each particle is based on the size, shape, and the number of charges
carried by the particle. If the particles are spherical and carry a single positive charge,
then only the diameter of the extracted particles will be a function of the voltage applied
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to the central collection rod. For each voltage, there is a finite range of mobility for the
selected particles. The number of particles having a given mobility is then equated with
the number of particles with the corresponding diameter. The electric field is varied by
changing the voltage that is supplied to the electrostatic aerosol classifier. The particles
having a specific mobility are then counted by the condensation particle counter (CPC).
Figure 2.5 shows a schematic o f the electrostatic aerosol classifier and three possible
trajectories for the particles.
After being extracted from electrostatic aerosol classifier, the aerosol sample
flows through the condensation particle counter. This device can count particles as small
as 10 nanometers and provides the concentration o f particles having the mobility chosen
by the electrostatic aerosol classifier [21]. The particle counter contains n-butyl alcohol
which is absorbed into a wick. The saturation ratio inside the counter is maintained such
that the alcohol will condense on the small particles to enable detection by the counter,
which utilizes laser light-scattering techniques.
2 3 3 . Calibration. The first task associated with this phase of the research was
to calibrate the differential mobility analyzer.

This involved creating aerosols with

known properties and comparing the measurements of the DMA to the known properties
o f the aerosols. Polystyrene latex spheres, manufactured particles with known sizes,
were used to make the aerosols for the calibration process. The spheres were added to
distilled, de-ionized water contained in a nebulizer, which used filtered high pressure au
to spray the solution into a fine mist. This aerosol was then fed into the DMA for
analysis.

Sample aerosols used for this calibration were created with known-size

polystyrene latex spheres (Duke Scientific Corporation) having diameters of 50 ± 2.0 nm,
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90 ± 3.7 nm, 125 ± 4 nm, and 204 ± 6 nm. The results from the calibration showed that
the differential mobility analyzer was accurately measuring the size distribution o f the
polystyrene latex spheres contained in the test aerosols. For each size, the deviation o f
the measured size from the true value was less than seven percent. Figure 2.6 illustrates
this result by plotting the measured sizes versus the nominal sizes. This established the
accuracy o f the DMA for only spherical particles.
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Figure 2.5. Schematic of Differential Mobility Analyzer [20]
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Figure 2.6. Calibration and Assessment of Mobility Sizer with Polystyrene Latex Spheres

The next step in the experimental process was to take measurements o f
combustion-generated particulates from a laboratory flame, which allowed for a
comparison o f measurements with a similar instrument. The laminar, non-premixed
flame was created using ethylene fuel and co-flow air. A sampling probe placed directly
above the flame extracted a small amount o f the combustion gases emitted by the flame
and immediately added dilution air to the sample. This dilution air acted to separate the
soot particles to prevent further coagulation.

This aerosol was then fed into the

differential mobility analyzer. This portion of the experiments introduced a new device
capable of measuring size distributions in a very short time, a differential mobility
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spectrometer (DMS). The DMS operates on the same basic principles as the DMA,
however, the DMS is capable o f measuring and counting particles across the entire size
spectrum simultaneously. The DMS was not available for sustained use during these
experiments and was used only to further verify the measurements obtained by the DMA
against another mobility device. A comparison was made between the measurements o f
the DMS and the DMA for a low sooting ethylene flame and the results proved to be in
good agreement. Figure 2.7 provides the probability density function o f the mobility
sizes for both systems.

1E+00

1E+01

1E+02
1E+03
dm(nm)

1E+04

Figure 2.7. Comparison o f DMA and DMS Measurements for Ethylene Flame
Particulates
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2.4. DIRECT SAMPLING TECNIQUE
2.4.1. Direct Sampling Principles/Apparatus. The equipment and procedures
used for obtaining particulates via direct sampling varied according to the application.
The differences in local temperatures, flow velocities, particulate concentrations, and
access to the sampling location required different sampling times, grid orientations, and
probing mechanisms. However, the basic principle remained the same in each case.
The idea behind the direct sampling methodology is to capture particulate directly
from the exhaust flow without any manipulations of the sample or significant
disturbances to the flow field [17, 22]. In these experiments, the particulates were
collected directly onto TEM grids that would later be used in the microscope for an array
of measurements. The grids were 3 mm copper TEM grids with carbon film backing and
were specially ordered (CF-H4-Spec-Cu) from the Electron Microscopy Sciences
Company. These grids were placed on a sampling probe using two small dots of white
glue around the periphery. The probe was made o f stainless steel and had a length of 13
cm, a base width of 6 mm, a tip width of 3 mm, a thickness of 1 mm, and a tip thickness
o f 0.5 mm. The base end of the probe was cylindrical and was internally threaded to a
depth of approximately 1 cm. This feature allows the same probe to be used with an
assortment o f attachments to accommodate the different sampling strategies. Figure 2.8
shows a schematic drawing of the sampling probe with multiple grids in place. The
number and location o f the grids placed on the probe varied with the application.
2.4.2. Implementation in Compression-Ignition Engine. The direct samples for
the compression-ignition particulates were extracted at the same location near the engine
where the mobility sampling was performed.

Following the past practice in this

laboratory for the investigation o f soot-containing turbulent flames [18], a thermophoretic
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sampling technique was employed at this location for rapid collection and removal of
particles. For each sample, one 3 mm TEM grid was attached near the tip o f the metal
probe that was inserted into the exhaust stream such that the grid was approximately
parallel to the exhaust flow. The probe was connected to a double-acting air cylinder by
utilizing the threaded base. A four-way solenoid valve triggered the probe action with a
rapid movement in and out o f the exhaust pipe, causing the hot particles to be deposited
onto the cooler grid according to the thermophoretic forces.

The entire sampling

sequence was controlled by a digital timer with exposure times in the range o f 0.1-0.2 s
depending on the engine speed and load. Sampling times were chosen to limit the total
particle coverage on the grid to be less than 15% to reduce artificial aggregation and
overlapping probability.

Figure 2.9 is a schematic o f the thermophoretic sampling

apparatus used for these experiments.

Figure 2.8. Schematic o f Direct Sampling Probe
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Figure 2.9. Schematic o f Direct Sampling System

2.4 3 . Implementation in Spark-Ignition Engine.

Performing the direct

sampling in the exhaust of the spark-ignition engine proved to be more difficult than
taking a similar sample from the compression-ignition engine. The low concentrations o f
particulates in the exhaust meant that longer sampling times would likely be necessary to
obtain adequate coverage for analysis under the microscope.

The initial sampling
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procedure involved inserting the metal probe, with the attached microscopic grids, at a
location in the exhaust stream that was only a few inches from the exhaust valve on the
cylinder head. The single cylinder engine created a highly pulsating exhaust flow under
the operating conditions used for sampling.

This, along with the high temperature

environment, caused serious deterioration to the sample grids. TEM analysis was able to
reveal the presence of the particulates, but in concentrations that were too low for feasible
detailed analysis, and only on the small percentage of the grid that was undamaged
during sampling.

These preliminary results encouraged further investigation o f the

particulates and demanded the implementation o f a modified probing technique to enable
adequate particulate coverage and grid protection.
The two strategies for improving the sample quality were to increase the residence
time and maximize the temperature difference between the TEM grid and the exhaust
gases.

Because o f the violent flow conditions near the cylinder head, the sampling

location was moved several feet downstream where the exhaust passed through a
residence tank. Here, the flow speeds were reduced due to the larger cross sectional area
of the residence tank compared to that o f the exhaust pipe. In addition, a cooling system
was developed to reduce the temperature o f the sampling probe and grids. The probe was
mounted to a copper tube that had many strands o f copper braids attached. These copper
strands were placed in a container o f liquid nitrogen (LN2 ), which acted to drastically
reduce the temperature of the probe, promoting further thermophoretic forces. The probe
assembly was held in place with fittings placed in a hole that was drilled in the residence
tank. A shelf was mounted directly below the probe to support the container o f liquid
nitrogen.
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The combination of the new sampling location and the reduced temperature o f the
probe allowed the sampling time to be increased as well. Rather than sampling for 1 - 10
seconds, the sampling time was increased to 30 minutes. Because the sampling time was
so long, multiple grids were used to increase the probability o f obtaining a useful
specimen. Four grids were placed along one side o f the probe, at distances of 1, 2, 3, and
3.5 inches from the free (unthreaded) end. The probe was oriented vertically so the face
was approximately parallel to the vertical flow direction o f the exhaust through the tank.
2.4.4. Implementation in Utility Power Plant.

The exhaust from the boiler

in the power plant is routed through a baghouse (a building-sized external filter) before
the combustion gases are released to the atmosphere via the 175 foot tall exhaust stack.
Particulates were sampled from the exhaust gas before entering and after flowing through
the baghouse filters. Because o f the difficulty involved with taking the samples, multiple
grids were used on multiple probes. In total, four probes were prepared, each having two
grids attached. Two o f the probes were used in sampling the particulates from the inlet to
the baghouse, and two were used at the outlet. The grids were placed at distances o f 0.5
and 2 inches from the free end for one probe, and distances of 0.5 and 3 inches from the
free end for the other probe. The probes were attached to a two foot long extension
handle made of lA inch diameter steel bar stock. The samples were taken by opening the
access points in the ducts of the baghouse and inserting the probes so that the grids were
approximately parallel to the flow directions. Sampling times o f 15 and 30 seconds were
used for the two probes at the inlet and the outlet. Appendix A contains pictures o f the
sampling locations.
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3. THEORETICAL ANALYSIS

3.1. MOBILITY PARTICLE SIZER
3.1.1. Transfer Function and Data Inversion. The measurements obtained by
counting the number o f particles in each range of mobilities will not directly provide the
mobility size distribution o f the aerosol particles. Two operations must be performed
before the desired results are obtained.
The analysis process requires the application of the DMA transfer function, which
describes the probability o f a particle with known properties successfully traversing the
electrostatic aerosol classifier within the DMA. Here, the intent is to determine the
relative number of particles in the sample aerosol that will actually be detected by the
system. This DMA transfer function equation was not explicitly applied in the course of
these experiments. Rather, the results are incorporated in a computer program required
for another step in the analysis. Information about the transfer function for diffusion
particles is provided elsewhere [1,23].
Additional complexity is added to the mobility interpretation by the presence of
multiply-charged aerosol particles. These particles having more than one charge have the
same mobility as smaller particles carrying only one charge. Because less voltage is
required to obtain the same movement o f the multiply charged particles within the
electric field of the electrostatic aerosol classifier, some larger particles will also be
detected by the DMA. This functional dependence o f mobility size on both particle size
and charge number makes the determination of a size distribution more complicated. The
solution of this inversion problem requires the establishment o f a relationship between
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the aerosol size spectrum and the set o f measured responses from the DMA. This study
utilized the linear inversion method, which is standard and was readily available [24].
3.1.2. Interpretation. Once the compression-ignition engine reached steady-state
conditions for each operating condition, the DMA was used to measure the mobility
diameter distribution of the exhaust particulates.

The DMA counted the number o f

particles for one mobility at a time by varying the voltage applied to the classifier. At
each applied voltage, the DMA was allowed to record readings for 40 seconds, at the rate
o f one reading per second, and only after DMA obtained steady readings.

Upon

completion o f the measurement recordings, the data was moved to a spreadsheet for
analysis. The counts were averaged over the sampling time for each voltage, and the
resulting tables of average counts and applied voltages were entered into the inversion
program, which also incorporated several other factors such as flow rates, temperatures,
and DMA type.

The inversion program provided an output which allowed for the

determination of particle diameters and concentrations. From this data, it was possible to
determine averages and standard deviations and plots for the mobility size distributions.
Appendix B contains estimates for measurement uncertainties.

3.2. TEM AND IMAGE ANALYSIS
3.2.1. TEM and Image Processing. After sampling, the grids were detached
from the probe and stored in protective boxes until inspections with a Philips EM430T
transmission electron microscope (TEM) that had a resolution of 0.24 nm. In general,
high magnifications above 42,500x were used for spherule diameter measurements, while
low magnifications in the range 10,300-21,200* were used for measuring aggregate sizes
and morphologies. However, in many cases, higher magnification images were used for
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both spherule and aggregate measurements due to the low coverage on the grids. Film
negatives were first developed using classical darkroom methods and then digitized with
a scanner. Image enhancement and analysis were performed using advanced imageprocessing software. Known-size latex spheres were used to calibrate the images and
convert dimensions from pixels to nanometers.
TEM image analysis directly yielded the projected data, including spherule
diameters, aggregate areas, and maximum lengths and widths. Following [15, 18], these
measurements were sufficient to reveal the three-dimensional particulate features such as
the spherule and aggregate size distributions and aggregate fractal morphology.
Experimental uncertainties (95% confidence interval) were estimated to be within 4% for
spherule diameter, 6% for aggregate length and width, and 10% for aggregate area.
Appendix B contains estimates for measurement uncertainties.
3.2.2. Images for Measurements. After obtaining a suitable number o f images
and converting them to a digital form, the analysis begins by measuring several
particulate dimensions using an image processing program.

The first dimension of

interest is the diameter, dp, of the primary particles, or spherules. These are the small,
nearly spherical particles of which the aggregates are comprised. The measurements
were made with the aid of the computer program; however, the operation was mostly
done manually. For each spherule that was to be measured, the user chose two points to
construct a diameter. This diameter value was then stored by the program in the results
table for each image. The complete results from each image were then copied into a
spreadsheet for further manipulation.
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Using the same software, several o f the aggregate dimensions were also
measured. The projected area, Aa, of the aggregate was determined by counting the
number o f pixels in the two dimensional image.

The maximum length, L, was

determined using the program feature designed to calculate the feret’s diameter, which is
the greatest distance between any two points along the perimeter of an aggregate (the
largest axis length).

Similarly, the width, W, o f the particle was measured using the

program feature that yields the breadth, which is the largest axis perpendicular to L and is
not necessarily defined by collinear points. Figure 3.1 demonstrates the aforementioned
measurements on two aggregate images.

Figure 3.1. Examples o f TEM Analysis of Particulates
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3.23. High-Resolution Transmission Electron Microscopy (HRTEM). Highresolution transmission electron microscopy can be used to determine the nanostructures
of the particulate matter. The particulates studied here are mostly carbon, which is
known to take many forms. By looking closely at images obtained at extremely high
magnifications, one can analyze the fine nanostructures for evidence o f graphitic plane
layers, which would be indications of at least partially crystallized carbon. In the present
study, the high-resolution images were obtained at magnifications of 420,000 times the
original size.

The crystalline structures and graphitic planes were evident in some

images, while others revealed no signs o f having crystalline characteristics.
3.2.4. Energy Dispersive X-Ray Spectroscopy (EDS). Another useful operation
that can be performed in the transmission electron microscope is the use o f energy
dispersive x-ray spectroscopy (EDS). This technique is based on the detection o f x-rays
that are generated by exciting the specimen with the electron beam.

The beam of

electrons is centered on the area o f interest and causes each element to produce x-rays,
which are characteristic to that element. The x-ray detector is able to distinguish between
the energy o f the various incident x-rays, and a comparison o f relative intensities can
provide relative concentrations o f the elemental components. The EDS system utilized
for this research was unable to provide information about elements smaller than carbon,
which is typical for EDS. The relative concentrations are also, at best, approximations
for the results presented here. The EDS system is capable of determining which elements
are present and which are not, but the use o f the grids with carbon film backing and the
inability to focus the beam solely on the particulate surfaces means that some o f the
background was generally analyzed along with the particles for many samples. The
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resulting data can, therefore, be used to determine the elemental constituents of the
particle of interest, but quantification is limited due to the unknown percentage of the
readings that are attributed to the background. Figure 3.2 shows a schematic diagram of
the EDS system.

Figure 3.2. Schematic of EDS System

3.2.5. Electron Diffraction. Another tool used to analyze the particulates was
electron diffraction.

Characterization by TEM diffraction can be used to determine

whether the specimen is crystalline or amorphous, whether single or multiple crystals are
present, and what the crystallographic characteristics are for the specimen.

This is

possible because a crystalline substance will cause strong diffraction o f the electron beam
in preferential directions, according to Bragg’s Law, which depend on the wavelength of
the electrons and the crystal lattice spacing. In this process, parallel electron beams
incident on the specimen are diffracted through the crystals within the specimen, and the
diffracted electrons then create an image on the diffraction image plane that are
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representative of the transpiring diffraction processes. Figure 3.3 shows a schematic
drawing of the diffraction imaging process.

Figure 3.3. Schematic o f Selected Area Electron Diffraction

Depending on the nature of the specimen, several possibilities exist for the
resulting diffraction image. If the specimen does not contain any crystalline structures,
the diffraction pattern will resemble a diffuse set o f concentric rings, with no sharp
boundaries.

If the specimen does contain crystalline structures, then the diffraction

pattern may resemble sharper, concentric rings, or an arrangement of bright specks. The
rings will be formed when multiple crystals are present, causing the specs to be randomly
oriented in the angular direction, and creating a continuous circle at each radial distance.
Figure 3.4 shows the simulated ring pattern and spot pattern for graphitic carbon, at a
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camera length of 1070 mm. All of the diffraction images contained herein were obtained
at a camera length o f 1070 mm.

Figure 3.4. Simulated Diffraction Rings and Selected Area Diffraction Pattern for
Graphitic Carbon at Camera Length of 1070 mm
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4. RESULTS AND DISCUSSION

4.1. INTRODUCTION
As with the preceding sections, the results portion of this text is separated into
two segments.

The results for the comparison o f the measurements performed by

mobility and microscopy techniques are presented first, followed by the results o f the
particulate characterization and source comparison.
The discussions that follow expand on the results provided in the preceding
section and explain the significance o f the findings from the experiments presented here.
The first segment, pertaining to the comparison of the measurements from the
compression-ignition engine using mobility and microscopy measurement techniques,
discusses the differences in the measurements results, possible explanations for the
differences, and the significance of these differences. The discussion contained in the
second segment serves two main purposes.

The first purpose is to discuss the

characterization of the particulates from each combustion source, which in itself provides
valuable information to the combustion and aerosol literature. The second purpose is to
discuss the similarities and differences between the characteristics o f the particulates
from the various sources, which may allow insight into particulate formations and
combustor influences.

4.2. COMPARISON OF MOBILITY AND MICROSCOPY MEASUREMENTS
AT THE EXHAUST OF A DIESEL ENGINE
4.2.1.

TEM Observations. Typical TEM images o f particulates emitted from the

diesel engine are shown in Figure 4.1.

These particulates were collected via

thermophoretic sampling while the engine operated at a speed o f 1800 rpm and a relative

38
load o f 100%. Magnifications o f 69,000x and 13,600* were presented to illustrate
general visual characteristics o f spherules and aggregates. The aggregates were clearly
non-spherical and demonstrated a wide variety of chain-like agglomerated structures of
small spherical primary particles (spherules).

Figure 4.1. Compression-Ignition Engine: TEM Photographs o f Particulates Sampled at
1800 rpm and 100% Load at Magnifications o f (a) 69,000X and (b) 13,600X

The results presented here for the particulate measurements from the diesel engine
extend the previous work performed in this laboratory. The study performed by Neer
[15] supplied the particulate samples obtained via thermophoretic sampling and provided
size data for spherules (dp) and aggregates (L and A). The size data from the previous
analysis was utilized for comparison with the measurements obtained via mobility sizing.
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4.2.2. Spherule Diameter Distributions. Figures 4.2, 4.3, 4.4, and 4.5 show
distributions o f spherule diameters, found from microscopy measurements, for engine
speeds of 900 and 1800 rpm and relative loads o f 50% and 100%. Each of these figures
utilized 7.5 nm bin widths for consistency and comparison. For each test, about 30-50
spherules were manually identified and measured around the aggregate edges.

This

number o f particles was sufficient to provide accurate statistics because larger data sets
from different parts of TEM grids for a particular engine condition also yielded nearly
monodisperse spherule sizes.

As can be seen from the figures, spherule diameter

distributions were relatively narrow with mean diameters, dp , in the range o f 21 to 29
nm and standard deviations, <rp, in the range o f 5 to 8 nm for all engine conditions.
Accordingly, a normal distribution is suitable for practical description of the spherule
sizes. The present results agreed well with the limited number o f recent studies on diesel
primary particles [13,14].
4.23. Spherule Discussion.

The TEM measurements demonstrated that the

actual sizes o f diesel spherules were much smaller than the mobility sizes extensively
reported in the past. This was expected since mobility sizers measure the size o f the
particles, which are aggregates formed by many spherules. Mobility analyzers only yield
an overall equivalent particulate size and offer no information about the spherule size,
which is most relevant to the specific surface area available for interactions o f particles
with their surroundings.

This inability to provide detailed information about the

aggregate sub-structure is one o f the major shortcomings of the mobility sizing technique.
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Figure 4.2. Compression-Ignition Engine Spherule Diameter Distribution, 900 rpm, 50%
Load

4.2.4. Aggregate Fractal Dimensions.

According to past experimental and

computational studies on combustion-generated fractal-like aggregates, including those
emitted from diesel engines, the following empirical and statistical relationships apply [9,
13,14,15,17,18,19,25]:

r , \ 2a
N =

D,

(1)
Kd PJ
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Here, N is the number o f spherules in an aggregate representing aggregate mass, da =
(4Aa/n)m is the area-equivalent diameter o f the measured aggregate projected area, Aa, a
= 1.09 is an empirical parameter to account for the particle screening on projected TEM
images, L is the measured maximum aggregate length, and Df is the aggregate fractal
dimension.

Figure 4.3. Compression-Ignition Engine Spherule Diameter Distribution, 900 rpm,
100% Load
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Figure 4.4. Compression-Ignition Engine Spherule Diameter Distribution, 1800 rpm,
50% Load

4.2.5. Fractal Dimension Discussion. The hypothesis of a spherical geometry
during the theoretical analysis of mobility instruments does not allow for an evaluation of
true aggregate morphology. Still, a relationship between the effective particulate mass,
m, and mobility diameter, dm, was experimentally observed by various investigators [9,
26, 27, 28] in the form o f m ~ d„M similar to Equation 1.

The power, Djm, was

interpreted as the fractal dimension, which substantially varied from 2.1 to 2.9 among
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these studies. Such high values above 2 imply shapes as compact as spheres that clearly
contradict with the present TEM measurements.

Figure 4.5. Compression-Ignition Engine Spherule Diameter Distribution, 1800 rpm,
100% Load

The apparent discrepancy between mobility and microscopy measurements o f
fractal dimensions can be explained following [9, 11], who pointed out that the power,
Djj„, obtained from mobility-based data correlations should not be confused as a fractal
dimension. This was based on the claim that dm was proportional to da, which will be
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further discussed in the next section. Then, a comparison o f m ~

and N ~ d ]a

(Equation 1) indicates that D/m is equal to 2a and not to D/. In other words, Djm can be
converted to the true fractal dimension by using the power in Figures 4.6-4.9, that is, Df=
0.82Dm.

Figure 4.6. Compression-Ignition Engine Projected-Area Diameter as a Function of
Maximum Length, 900 rpm, 50% Load
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This perspective supports that the fractal dimensions obtained from microscopy and
mobility data are partially consistent within experimental uncertainties as long as the Djm
values are in the approximate range o f 2.1-2.4. However, there are investigations that
have reported Djm values as high as 2.9 [27, 28], questioning the generalization of
suggested mobility correlations for diesel aggregates.

Figure 4.7. Compression-Ignition Engine Projected-Area Diameter as a Function of
Maximum Length, 900 rpm, 100% Load

46
This could be attributed to the simultaneous measurements o f other compact solid and
liquid matters that are transformed from volatile materials by nucleation, condensation
and adsorption during the dilution and cooling o f the exhaust gases before reaching
mobility analyzers [3, 29]. As will be discussed in the next section, multiple charging on
the particulates and preferential aggregate orientations may also play a role.

Figure 4.8. Compression-Ignition Engine Projected-Area Diameter as a Function of
Maximum Length, 1800 rpm, 50% Load
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U dp
Figure 4.9. Compression-Ignition Engine Projected-Area Diameter as a Function of
Maximum Length, 1800 rpm, 100% Load

4.2.6.

Aggregate Mobility and Microscopy Size Distributions.

In order to

make relevant comparisons to the mobility measurements of equivalent diameters,
aggregate sizes from TEM images were quantified based on the gyration diameter, dg9
which was estimated from [10,15,18]:

D4

Y' 2

yD ,+ 2 )

(2)
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Note that the above relationship is valid for any fractal dimension in the range of
1 to 3. After the direct measurements of L and the determination of Df, probability density
functions (pdf) o f dg are plotted together with the distributions of mobility diameter, dm,
for four engine operating conditions in Figures 4.10, 4.11, 4.12, and 4.13.

Figure 4.10. Compression-Ignition Engine: Distributions o f Microscopy and Mobility
Size Measurements, 900 rpm, 50% Load

For the most part, both overall particulate sizes were generally smaller than 1 pm,
a range that is clearly less than the current PM2.5 emission standard. Nevertheless,
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mobility diameter distributions were narrower with smaller sizes compared to the
microscopy physical dimensions. These observations were similar to the preliminary
comparisons reported for particulates produced by a diesel-engine simulator [12].

d (nm)
Figure 4.11. Compression-Ignition Engine: Distributions o f Microscopy and Mobility
Size Measurements, 900 rpm, 100% Load

4.2.7. Aggregate Discussion. The above differences may be caused by a number
of possible contributing factors such as the loss and/or generation o f particulates in the
sampling lines o f mobility analyzer.

As mentioned before, the condensation and

nucleation of volatile compounds may generate small particles that can skew the size
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distribution from its true form [3, 29]. The process of classifying particulates according
to electrical mobility may also be responsible for the discrepancies in measurements.

Figure 4.12. Compression-Ignition Engine: Distributions o f Microscopy and Mobility
Size Measurements, 1800 rpm, 50% Load

Unlike microscopy measurements, which utilize direct visual analysis of unaltered
samples, mobility particle sizers separate particles according to the interaction of
electrical forces and aerodynamic drag forces acting on the particulates. For particulates
that are approximately spherical, the theoretical analysis o f mobility analyzers would

51
yield the correct diameter, which is the case for calibration latex spheres. However, for
the irregular and complex structures created by combustion sources like diesel engines,
multiple charges that are unaccounted for in data inversion programs can lead to an
underestimation o f aggregate sizes [«]•

Figure 4.13. Compression-Ignition Engine: Distributions o f Microscopy and Mobility
Size Measurements, 1800 rpm, 100% Load

Another reason that the mobility experiments could not capture the larger
aggregates observed on TEM images might be the distribution o f charges within a
particulate that is suspected to have a certain effect on its orientation. Although the
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orientation of particulates traveling through the DMA is not well known, objects are
generally expected to be aligned in the air to an orientation with minimal frontal area in
order to reduce the drag force acting on them. Simulations o f diesel aggregates in this
laboratory revealed that the minimum and maximum projected areas differed by a factor
of two depending on the aggregate orientation [1].

With the help o f non-uniform

charging on non-spherical diesel PM, then, it is plausible that the aggregate aerodynamics
mostly result in the orientations o f minimum areas so that larger sizes may appear to be
smaller during the mobility detection. Thus, particulates with preferred orientations may
be counted by mobility sizers in contrast to the randomly-oriented aggregates deposited
on TEM grids.
Despite the noted differences between the present DMA and TEM size
distributions, there were also some similarities that were summarized in Table 4.1. For
all engine operating conditions considered in this study, the table provides a convenient
means for comparing the measurement data. Due to the broad distributions displayed in
Figures 4.10 through 4.13, overall particulate sizes from both mobility and microscopy
measurements were reasonably approximated by log-normal PDF’s.

The geometric

standard deviations o f aggregate gyration diameters, <JgG, were equal to 1.8, which were
nearly identical to the distribution widths o f mobility diameters, o ^ . This is in excellent
agreement with past mobility studies at the exhausts o f other diesel engines that found the
width o f the size distribution to be independent o f engine type, speed, load, and fuel
properties [7, 28]. Interestingly, the geometric means from the mobility measurements,
d„G, were about half o f those from the TEM measurements o f aggregate gyration
diameters, dgo.
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Table 4.1. Engine Operating Conditions and Particulate Measurement Data
Relative Load

Speed

dp ( o p)

da

dg

%

rpm

nm

nm

nm

50

900

26 (6)

204

100

900

29 (8)

50

1800

100

1800

dm

dm G ( O m o )

nm

nm

nm

272

236(1.8)

159

133(1.9)

270

353

292(1.8)

169

152(1.6)

20 (5)

156

193

162(1.8)

96

82(1.8)

23 (5)

179

239

201 (1.8)

108

93(1.7)

dgG (

Ogc)

These measured distributions resulted in mean mobility diameters o f dm = 96169 nm and mean aggregate gyration diameters of d g = 193-353 nm. Obviously, dm for
each engine condition was 5 to 6 times larger than the mean spherule diameter, dp ,
leading to a significant error in the estimation of specific surface area for a given particle
concentration. Although dm was always smaller than dg , their ratio was nearly constant
at 0.52 ± 0.06 for the present four test conditions. Table 4.1 also demonstrated that all
three mean sizes, dp and dg from TEM and d

from DMA measurements, increased

with engine load due to the promotion o f particle formation and growth with injection of
more fuel into the diesel cylinders and decreased with relative speed due to the
availability of shorter residence times for particulate processes [3, 15,28,30].
The consistent trends with respect to engine operating conditions and the
agreement on size distribution width indicate that mobility sizing provides a semiqualitative indication o f the overall aggregate sizes o f diesel engine PM. Although
various relationships between mobility and microscopy measurements have been

54
previously suggested [9, 10, 11], there appears to be no universally accepted method to
convert from mobility diameters to physical aggregate sizes.
Particularly at the exhaust of a diesel engine, a recent work [1, 9] investigated
particulate size measurements of TEM samples collected with a low pressure impactor at
the exit o f a DMA for a selection o f mobility sizes for a single operating condition.
Although the mobility-classification should have resulted in nearly monodisperse sizes,
broad aggregate size distributions were still observed on microscopy images. To force
the agreement between two measurement methods, small and large aggregates outside the
DMA distributions were eliminated by claming the presence o f fragmented and doublycharged aggregates on TEM samples. This data manipulation led to the conclusion that
mobility diameters o f mobility-classified diesel PM were equal to the projected-area
diameters of aggregates on microscopy images, that is, dm= da.
Another study [11] reported varying ratios of mobility and gyration diameters
from 0.6 to 1.3, depending on the Knudsen number. In the present study, aggregate
fragmentation was unlikely to occur during thermophoretic deposition with the TEM
probe aligned parallel to the particulate-laden flow, and doubly-charged particulates were
already disregarded in the mobility analysis o f polydisperse samples. As reported in
Table 4.1, the average aggregate projected-areas, da , were 30-70% larger than the
average mobility diameters, dm .
If a general relationship between mobility diameter and actual aggregate physical
dimension can be established, then future particulate emission studies can take advantage
o f the convenience o f mobility instruments. However, such correspondence may hold for
a limited range of diesel engine operating conditions. Thus, while the present results are
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partially promising on the performance o f the mobility technique for sizing combustion
generated aggregates, detailed investigations for a wider range of conditions and engine
types appear to be necessary to resolve the above-mentioned differences.

4 3 . PARTICULATE CHARACTERIZATION AND SOURCE COMPARISON
4.3.1. Compression-Ignition Engine. As discussed in the preceding sections, the
spherule diameters for the compression-ignition engine followed a normal distribution,
according to the TEM measurement results. Only one operating condition (1800 rpm,
50% load) will be considered for this portion o f the results. These spherules had a mean
diameter o f 21 nm and a standard deviation o f 5 nm. Figure 4.14 shows this distribution
of spherule sizes, which is repeated here for convenience, with bin widths changed to 5
nm to better illustrate the normal distribution.
The primary particles combined to form aggregates whose size distribution was
approximated by a lognormal distribution with a geometric mean value for maximum
length o f 237 nm and a geometric standard deviation o f 1.8. Figure 4.15 displays the
distribution.
These aggregates also demonstrated a general relationship between the projected
area and the maximum length.

Figure 4.16 shows this relationship by plotting the

projected area equivalent diameter versus the maximum length. The significance of this,
and similar plots, is discussed in Section 4.3.7.
As previously mentioned, the samples obtained via thermophoretic sampling were
supplied by a previous study by Neer [15], which provided only size data. The grids
containing the particulate samples were reanalyzed in the TEM to obtain high-resolution
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images, EDS analyses, and diffraction patterns for comparison with the particulates from
the other sources.

Figure 4.14. Compression-Ignition Engine: Spherule Diameter Distribution

The images of the particulates found in the samples from the compressionignition engine did not appear to have crystalline characteristics. There were several
indications that these were primarily amorphous structures. The images did not have any
sharply defined, dark inclusions that would indicate diffraction o f the electron beam
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through the crystalline structures. Also, high-resolution TEM images did not reveal any
graphitic fringes, which would not be present in an amorphous object. Figure 4.17 shows
two images o f the diesel particulates and their amorphous appearances.

L (nm)
Figure 4.15. Compression-Ignition Engine: Aggregate Length Distribution

The EDS analysis for the compression-ignition engine particulates revealed a
significant amount o f carbon present, with lesser amounts o f oxygen and sulfur as well.
The presence o f copper indicated by the detector was caused by using the copper TEM
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grids with the carbon film backing.

Figure 4.18 displays the EDS spectrum for the

aggregate.
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Figure 4.16. Compression-Ignition Engine: Aggregate Area and Length Relationship

Diffraction pattern analysis shows diffuse rings that would correspond to
amorphous structures. Figure 4.19 displays an aggregate and its diffraction pattern. In
conjunction with the previous indicators o f an amorphous sample, this provides
substantial evidence that crystalline structures are not present in aggregates emitted from
the diesel engine under investigation here.
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Figure 4.17. Compression-Ignition Engine: Aggregate at Magnifications o f 42,500 and
420,000

Figure 4.18. Compression-Ignition Engine: Aggregate EDS Spectrum

43.2. Spark-Ignition Engine. The samples obtained from the spark-ignition
engine were unable to provide statistical information about the sizes o f the spherules
within the aggregates. These primary particles lacked the edge definition demonstrated
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by the distinct spherules found in the aggregates from the compression-ignition engine.
However, in spite o f the difficulty in determining the edges of the spherules, some rough
measurements were attempted in order to estimate the sizes. The results indicated most
of the probable spherules to be in the range o f 15 to 50 nm in diameter, with the most
common sizes being 20 to 25 nm. These are estimated bounds on the spherule diameters,
and are not presented as definitive results due to the extreme ambiguity o f the particle
boundaries.

100 nm
Figure 4.19. Compression-Ignition Engine: Aggregate Image and Diffraction Pattern

However, it was possible to analyze the overall aggregates for size data.
Although the size distribution peaked at maximum length o f less than 100 nm, the wide
distribution was characterized by a lognormal distribution with a geometric mean
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maximum length of 174 nm and a geometric standard deviation of 2.2. Figure 4.20
shows this distribution of the aggregate maximum length.

L (nm)
Figure 4.20. Spark-Ignition Engine: Aggregate Length Distribution

The aggregates from the spark-ignition engine were characterized in a similar
manner as those from the compression-ignition engine. The relationship between the
projected area and the maximum length was formulated in a plot of the projected area
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equivalent diameter versus the maximum length o f the aggregate.

Figure 4.21

demonstrates this relationship.

L (nm)

Figure 4.21. Spark-Ignition Engine: Aggregate Area and Length Relationship

In addition to the previous aggregate characteristic, the relationship between the
maximum length and the corresponding maximum width was also determined. Figure
4.22 shows this relationship between the maximum length and width. Section 4.3.7
provides more information about the significance o f this plot and similar plots generated
for the other sources.
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Figure 4.22. Spark-Ignition Engine: Aggregate Length and Width Relationship

The high magnification images obtained for the particulates from the sparkignition engine showed indications of crystalline presence. The dark areas with defined
edges were likely crystal formations that created the dark spots by diffracting the electron
beam away from the image plane, rather than allowing transmission through the material
as would occur if the sample was entirely amorphous. Figure 4.23 show the images
obtained at low and high magnifications.
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Figure 4.23. Spark-Ignition Engine: Aggregate at Magnifications o f42,500 and 420,000

The EDS analysis indicated the presence of carbon, oxygen, and trace amount of
chlorine. As usual, the detector also discovered the presence o f copper and a small peak
o f silicon, caused by the copper grid and the detector assembly, respectively. Figure 4.24
shows the EDS spectrum for the spark-ignition engine aggregate.

Figure 4.24. Spark-Ignition Engine: Aggregate EDS Spectrum
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The diffraction patterns for the spark-ignition engine aggregates also showed
signs of crystalline structures. Figures 4.25 and 4.26 display two aggregates and their
corresponding diffraction patterns. The distinct rings appeared due to the presence of
multiple crystals within the selected area of the aggregate. The diffraction pattern shown
in Figure 4.25 is distinctly different from that shown in Figure 4.19 for the diesel
aggregate which only had diffuse rings, characteristic of its amorphous structure. Figure
4.26 demonstrates that the aggregates from the spark-ignition engine exhibit amorphous
qualities in addition to crystalline ones.

Figure 4.25. Spark-Ignition Engine: Aggregate Image and Diffraction Pattern

The samples from the spark-ignition engine also contained a small number of
particles that did not fit in the category of aggregates. These non-aggregated particles
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demonstrated a variety o f shapes, typically arrangements of tubes and/or spheres. The
number of these particles that were photographed was insufficient to provide any
statistical size data. However, the few non-aggregates that were measured ranged in size
from just under 200 nm to just over 3 pm. Figure 4.27 shows one o f the tube-shaped
particles at low and high magnifications.

However, diffraction patterns and EDS spectrums were captured for a few
particles. Figure 4.28 shows an example of the tube shaped particle and its diffraction
pattern. The sharper rings in this pattern, along with the analysis o f the particle image,
indicated a crystalline structure, rather than an amorphous one.

67

Figure 4.27. Spark-Ignition Engine: Non-Aggregate at Magnifications o f 42,500 and
420,000

Figure 4.28. Spark-Ignition Engine: Non-Aggregate Image and Diffraction Pattern
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The EDS analysis revealed the presence of mostly carbon in the particle, along
with some oxygen and small amount of sulfur. Figure 4.29 displays the EDS results.

5.00

K-KayCnvryjr<KrV>

Figure 4.29. Spark-Ignition Engine: Non-Aggregate EDS Spectrum

4 3 3 . Utility Power Plant - Baghouse Inlet The spherule diameters for the
aggregates from the inlet to the baghouse of the power plant were measured with the
same approach as the spherules for the compression-ignition engine aggregates. These
primary particles were larger and covered a larger size range than those from the diesel
engine. Figure 4.30 shows the distribution o f spherule diameters as a pdf, approximated
by lognormal distribution with a geometric mean diameter o f 52 nm and a geometric
standard deviation o f 2.0.
The aggregates present in the samples from the inlet to the baghouse also covered
a large size range. The maximum length was approximated by a lognormal distribution
and had a geometric mean value o f 440 nm and a geometric standard deviation of 2.2 nm.
Figure 4.31 displays the pdf o f the length distribution and the lognormal curve.
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dp (nm)
Figure 4.30. Power Plant Inlet: Spherule Diameter Distribution

The aggregates from the baghouse inlet were characterized in a similar manner as
those from the two engines.

The relationship between the projected area and the

maximum length was sought in a plot o f the projected area equivalent diameter versus the
maximum length of the aggregate. Figure 4.32 provides this relationship in the form of a
plot.
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In addition to the area and length relationship, the relationship between the
maximum length and the corresponding maximum width was also determined. Figure
4.33 displays this relationship between the maximum length and width.

High magnification images of the aggregates from the baghouse inlet were taken
and analyzed. The images provided no indication o f the presence o f graphitic planes or a
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crystalline structure. Figure 4.43 shows an example of the low and high magnification
images, demonstrating the amorphous appearance o f the aggregates.
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Figure 4.32. Power Plant Inlet: Aggregate Area and Length Relationship

The EDS analysis found the largest number of elements present in the samples
from the power plant. The aggregates entering the baghouse contained carbon, oxygen,
sulfur, potassium, and iron. As previously mentioned, the peaks for copper and the
unlabeled peak for silicon were not indications that these elements were present in the
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sample, but rather were caused by the choice o f TEM grid structure and the EDS detector
itself. Figure 4.35 displays the EDS spectrum obtained for a typical aggregate.

L (nm)

W (nm)

Figure 4.33. Power Plant Inlet: Aggregate Length and Width Relationship

The analysis o f the diffraction patterns for the aggregates at the inlet to the
baghouse indicated amorphous particles due to the lack o f any defined rings or spots in
the diffraction pattern. Figure 4.36 shows a typical aggregate and its diffraction pattern.
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This diffraction image clearly lacked any distinguishable ring patterns and was comprised
of only a weakly diffuse circular pattern.

Figure 4.34. Power Plant Inlet: Aggregate at Magnifications o f42,500 and 420,000

Figure 4.35. Power Plant Inlet: Aggregate EDS Spectrum

74

Figure 4.36. Power Plant Inlet: Aggregate Image and Diffraction Pattern

In addition to the aggregates present in the samples taken from the inlet to the
baghouse, there were also a large number o f non-aggregated particles present. These
non-aggregated particles took on a variety o f shapes, including spheres, tubes, and an
assortment o f globs.

The spheres and tubes often resembled the non-aggregates

discovered in the samples from the spark-ignition engine.
The non-aggregates were lumped into a single, separate category and measured
and analyzed similarly to the aggregates. The non-aggregates had a geometric mean
maximum length o f 225 nm and a geometric standard deviation o f 1.6. Figure 4.37
displays the pdf o f the distribution and the lognormal curve that approximates i t
The non-aggregates from the baghouse inlet were characterized just as the
aggregates were. The relationship between the projected area and the maximum length
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was formulated in a plot of the projected area equivalent diameter versus the maximum
length o f the aggregate. Figure 4.38 provides this relationship.

As with the previously discussed groups o f particulates, the relationship between
the maximum length and the corresponding maximum width was also determined for the
non-aggregates from the power plant. This relationship between the maximum length
and width is given in Figure 4.39.
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Figure 4.38. Power Plant Inlet: Non-Aggregate Area and Length Relationship

High-magnification images of these non-aggregated particles strongly suggested a
crystalline structure.
magnifications.

Figure 4.40 shows the non-aggregate at low and high

The dark lines near the perimeter o f the shape are indicative of

crystalline wall structures that are diffracting the electrons in a preferred direction, thus
creating the dark spots in the resulting image.
The EDS analysis for the non-aggregates at the baghouse inlet provided different
results than for the aggregates. In the case of the non-aggregates, the present elements
were carbon, oxygen, potassium, and sulfur (once again neglecting copper and silicon).
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The relative amounts of the elements were also different. Figure 4.41 shows the EDS
spectrum for one of the non-aggregates.
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Figure 4.39. Power Plant Inlet: Non-Aggregate Length and Width Relationship

The diffraction pattern analysis for the non-aggregates also showed signs that the
particles contained crystalline structures. Figure 4.42 shows a typical glob shaped non
aggregate and its diffraction pattern.

The circular array of spots was indicative of

multiple crystals present in the selected area.
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30 nm
Figure 4.40. Power Plant Inlet: Non-Aggregate at Magnifications o f42,500 and 420,000

Figure 4.41. Power Plant Inlet: Non-Aggregate EDS Spectrum

43.4. Utility Power Plant - Baghouse Outlet. The spherule diameters for the
aggregates from the outlet of the baghouse of the power plant were measured using the
same method as previously discussed.

These primary particles averaged to be

approximately half the size of the primary particles measured in the inlet to the baghouse,
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although a wide distribution was maintained.

The spherules had a geometric mean

diameter o f 29 nm and a geometric standard deviation of 1.6 and were approximated,
once again, with a lognormal distribution. Figure 4.43 shows the distribution of spherule
diameters in the form o f a pdf.

Figure 4.42. Power Plant Inlet: Non-Aggregate Image and Diffraction Pattern

The aggregates present in the samples from the outlet of the baghouse also
covered a large size range. The maximum length was approximated by a lognormal
distribution and had a geometric mean value o f 241 nm and a geometric standard
deviation of 2.8. Figure 4.44 show the length distribution in the form o f a pdf.
In addition to measuring the maximum lengths, the projected areas o f the particles
were also determined. This allowed for the calculation o f the equivalent projected area
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diameter, which was plotted versus the maximum length to determine a relationship
between the two.

Figure 4.45 displays this relationship between the projected area

equivalent diameter and the maximum length.

dp (nm)
Figure 4.43. Power Plant Outlet: Spherule Diameter Distribution

The width of the particles was measured and plotted with the maximum length to
reveal a relationship between these two parameters. Figure 4.46 shows this relationship
in a plot o f width versus maximum length.
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Figure 4.44. Power Plant Outlet: Aggregate Length Distribution

The high-magnification images o f the aggregates from the baghouse outlet
differed slightly from those taken at the bagouse inlet.

The primary particles were

slightly less defined in many cases, and the overall sizes o f the spherules and aggregates
were smaller for the outlet aggregates.

Figure 4.47 shows an aggregate at two

magnifications. No graphitic planes were discovered in these images, just as with the
inlet samples.
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Figure 4.45. Power Plant Outlet: Aggregate Area and Length Relationship

The EDS results for the aggregates at the outlet of the baghouse showed
characteristics that were similar to the aggregates at the inlet. The dominant element was,
once again, carbon. The detector also noted the presence o f oxygen, sulfur, and calcium
(neglecting copper and silicon). Figure 4.48 shows the EDS spectrum for an aggregate at
the baghouse outlet. Note that the tallest peak was carbon that was labeled with overlaid
calcium and carbon abbreviations.
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Figure 4.46. Power Plant Outlet: Aggregate Length and Width Relationship

Analysis of the diffraction patterns for these aggregates showed that there was no
indication o f a crystalline structure and supported the claim that the aggregates had
amorphous structures. Figure 4.49 shows a typical aggregate and its diffraction pattern.
Similarly to the samples taken from the inlet to the baghouse, there were also nonaggregated particulates present in the samples from the baghouse outlet. Although the
peak size was less than 100 nm, the sizes covered a large size range and had a geometric
mean value for the maximum length at 296 nm and a high geometric standard deviation

84
of 2.9. Figure 4.50 displays this distribution in the form o f a pdf of the maximum
lengths.

Figure 4.47. Power Plant Outlet: Aggregate at Magnifications o f42,500 and 420,000
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Figure 4.48. Power Plant Outlet: Aggregate EDS Spectrum

85

Figure 4.49. Power Plant Outlet: Aggregate Image and Diffraction Pattern

The projected-area equivalent diameter was calculated for each of the nonaggregated particles and the relationship with the maximum length was established.
Figure 4.51 plots the projected-area equivalent diameters versus the maximum length of
the particles.
The widths of the particles were also measured to determine if a relationship with
the maximum length existed.

Figure 4.52 shows this relationship on a plot of the

maximum length versus the aggregate width.
The non-aggregates took on numerous shapes, but the three main categories were
hollow spheres, hollow tubes, and various globs. The glob shaped particles appeared to
be semi-volatile and were sensitive to the electron beam of the TEM, thus making it
difficult to obtain any images at high magnifications, where the electron beam reaching
the particle becomes more intense. Figure 4.53 shows one of the typical hollow spherical
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shapes found in the samples. The dark lines around the perimeter of the particle were the
crystalline walls o f the sphere, which implied a greater thickness for attenuation and
diffraction of the electron beam.

The EDS analysis performed on the non-aggregates o f the baghouse outlet
typically indicated the presence of only carbon and oxygen in the samples. Figure 4.54
shows the EDS spectrum for one of the non-aggregates.
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Figure 4.51. Power Plant Outlet: Non-Aggregate Area and Length Relationship

The diffraction patterns captured for the non-aggregates consistently showed
distinct rings indicative of the presence o f multiple crystalline structures.

This

observation strongly supported by the appearance o f the particulates having the dark
edges and inclusions caused by the diffraction through the crystals. It was also supported
by the fact that the locations o f these dark spots changed as the sample was rotated under
the electron beam, exposing different crystals with the correct orientation for diffraction.
Figure 4.55 shows a typical spherical particle and its diffraction pattern.
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Figure 4.52. Power Plant Outlet: Non-Aggregate Length and Width Relationship

Images o f this particle were taken from three angles by tilting the specimen holder
to three different positions in ten degree increments. The purpose o f this exercise was to
demonstrate the crystallinity o f the hollow spherical structure.

The crystalline

characteristics were what caused the dark marks on the perimeter to appear different in
each view, due to the new orientation of the crystals with respect to the electron beam.
Figure 4.56 shows this particle at the three orientations described.
43.5. Spherule Diameter Distribution Discussion. The spherule diameters for
the three sources o f combustion particulates exhibit some significant differences. Table
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4.2 summarizes the information for the mean diameters and standard deviations for the
primary particles from the three sources. The spherules from the compression-ignition
engine follow a normal distribution and typically consist of a small range of sizes around
21 nm in diameter. Statistical spherule measurements from the spark-ignition engine
were not obtainable due to the measurement difficulties of identifying borders of particles
that diffused within aggregates. These primary particles were not well defined and
estimating diameters on a few questionable particles would not be tolerable for
classification or comparison.

Figure 4.53. Power Plant Outlet: Non-Aggregate at Magnifications o f42,500 and
420,000
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The spherules measured from the power plant aggregates had significantly
different distributions for the inlet and outlet of the baghouse. Those at the inlet had a
geometric mean diameter o f 52 nm and a geometric standard deviation o f 2.0. These
measurements were appreciably larger than those for the compression-ignition engine and
covered a much larger size range with a considerable increase in standard deviation, this
time following a lognormal distribution. Interestingly, the spherules measured within the
aggregates at the outlet of the baghouse had a geometric mean value of 29 nm, which is
about half of that for the inlet. The geometric standard deviation also exhibited a drop to
1.6 for these spherules, still following a lognormal distribution.

Figure 4.54. Power Plant Outlet: Non-Aggregate EDS Spectrum

The difference between the spherule distributions for the baghouse inlet and outlet
likely results from the fact that the particles are filtered during their transport through the
baghouse modules.

In this case, the larger aggregates consisting o f larger primary

particles are more likely to be collected in the filter material and the smaller aggregates,
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with their smaller primary particles, are more likely to pass through the filter membrane.
Thus, the alteration in spherule sizes is unlikely to be the product of chemical or physical
changes through the baghouse; it is expected to be a consequence of filtering instead.

Figure 4.55. Power Plant Outlet: Non-Aggregate Image and Diffraction Pattern

Figure 4.56. Power Plant Outlet: Non-Aggregate Images Tilted -10°, 0°, +10°
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Table 4.2. Summary of Spherule Diameter Data
Source

Particle Type

Compression-Ignition Engine

Aggregates

Spark-Ignition Engine

Power Plant Inlet

Power Plant Outlet

d PG ( <* g )

Jp ( a

(n®)

Number Measured

=21 (5)

50

Aggregates

-

-

Non-Aggregates

-

-

Aggregates

52 (2.0)

919

Non-Aggregates

-

-

Aggregates

29(1.6)

122

Non-Aggregates

-

-

)

43.6. Particulate Size Distribution and Fractal Morphology Discussion. The
overall sizes o f particulates from the three combustion sources were all approximated
with lognormal distributions. The particulates are often divided into two categories,
aggregates and non-aggregates, which are aimed at making better use of the data than if
the measurements were lumped together with no distinction between these two
morphologies. In this instance, the term “non-aggregates” refers to the particulates that
are not formed by clusters of primary particles; it does not refer to non-aggregated
primary particles. Table 4.3 summarizes the information for the mean maximum lengths
and standard deviations for both the aggregates and non-aggregates. This table is used as
a reference for the values within, but does not completely characterize the distributions
for each particulate type. For instance, the mean values for the distribution with high
standard deviations are often much larger than the peak values, which may lead to the
initial impression that the particles are typically larger than in actuality. With this in
mind, the geometric mean value for the maximum length o f the diesel aggregates is 237
nm, with a geometric standard deviation of 1.8, while the geometric mean maximum
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length for the spark-ignition aggregates is 174 nm, with a geometric standard deviation of
2.2. Referring back to the distributions shown in the results (Section 4.3), it can be seen
that the compression-ignition engine aggregates have a peak value near 200 nm, with
measurements up to about 1000 nm, and the spark-ignition engine aggregates have a
prominent peak value near 100 nm, while also showing measurements up to
approximately 1000 nm. Despite non-aggregates being detected in the spark-ignition
engine, insufficient numbers were available for precise distribution measurements. The
power plant aggregates show decreasing values for peak and mean maximum lengths
after filtering through the baghouse. The inlet has a peak value o f around 200 nm, a
geometric mean value of 440 nm, and a geometric standard deviation o f 2.2. The outlet
has a peak value o f around 150 nm, a geometric mean value o f 241, and a geometric
standard deviation o f 2.8. The non-aggregates show a similar trend in peak values after
filtering through the baghouse, but show an increase in the mean values. The inlet has a
peak maximum length near 150 nm and a geometric mean maximum length o f 225 nm,
with a geometric standard deviation of 1.6. The outlet, however, has a peak maximum
length near 75 nm and a geometric mean maximum length of 296 nm, with a geometric
standard deviation of 2.9. Upon viewing the distributions, it is apparent that the non
aggregates at the outlet o f the baghouse persist over a larger size range with a flatter
distribution than those at the inlet. Also, a few larger particulates at the larger end of the
distribution act to raise the mean value.
43.7.

Relationships of Size Measurements Discussion. Unlike the spherule

diameters for the diesel engine that were narrowly distributed, those measured from the
power plant aggregates covered a broad range of sizes which varied from one aggregate
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to another, and often varied greatly within a single aggregate. This difference made it
necessary to remove the normalization by spherule diameter, dp, from the plots of the
projected area diameter, da, versus the maximum length of the aggregate, L. This also
allowed for comparison against the measurements for the aggregates from spark-ignition
engine and the non-aggregates from the power plant sample, for which there were no
available spherule dimensions.

Table 4.3. Summary o f Particulate Size Data
L g ( <*g)

Source

Particle Type

Compression-Ignition Engine

Aggregates

237(1.8)

111

Aggregates

174 (2.2)

126

Non-Aggregates

-

-

Aggregates

440 (2.2)

59

Non-Aggregates

225(1.6)

145

Aggregates

241 (2.8)

36

Non-Aggregates

296 (2.9)

29

Spark-Ignition Engine

Power Plant Inlet

Power Plant Outlet

(nm)

Number Measured

However, this comparison revealed a limitation to displaying the data in such a
manner. As mentioned in the preceding section, the following empirical and statistical
relationships apply:

la

N =

f d

1

Kd P J

r L _ '

3

( )
K^P J
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Again, N is the number o f spherules in an aggregate representing aggregate mass, da (4AJn)m is the area-equivalent diameter of the measured aggregate projected area, Aa, a
= 1.09 is an empirical parameter to account for the particle screening on projected TEM
images, L is the measured maximum aggregate length, and D/ is the aggregate fractal
dimension. However, here the value of dp is not considered here due to the difficulty
caused by the large variations between aggregates from some sources and the lack o f data
for others. Equation 3 can be rearranged to give the following relationship:

(4)

= constant

(5)

Coupling Equation 4 with the previously presented plots o f da and L will allow the
calculation o f a fractal dimension. However, the implications o f applying the Equation 4
for determining a fractal dimension for the particulates measured from the various
sources are significant because the resulting values would be 1.85 ± 0.11 for all of the
aggregate and non-aggregate particulates.

Thus, a fractal dimension would be

determined for the non-fractal-like particles, i.e. the non-aggregates, and this value is in
good agreement with past measurements o f combustion-generated soot aggregates.
Therefore, the plot of da versus L for the particulate samples may be a useful exercise but
is not, in itself, sufficient information to quantify, justify, or compare fractal dimensions.
In this case, the relationship between da and L happened to be similar for all six groups,
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despite the fact that two o f the groups consisted of various non-aggregated shapes
(hollow spheres, tubes, globs), making it clear that a consistent relationship between the
projected area and the length does not equate to similar morphologies.
For further analysis and comparison, the maximum aggregate length was also
plotted against the aggregate width for the various sources, excluding the compressionignition engine due to the lack o f width data for the aggregates from the previous study
by Neer [15]. Due to the definitions for the length and width measurements, the length of
a particle was always greater than the width. The plots o f L vs. W were shown on log
scales with power fit trendlines of the form L = aW b.

Aggregates typically had

coefficient values near 1, ranging from 0.91 to 1.39, while the non-aggregates had
coefficients of 1.81 to 3.23. The powers o f W also differed between the two types,
ranging from 1.02 to 1.10 for the aggregates, and from 0.85 to 1.01 for the non
aggregates. The exact reasons for these differences are yet unclear, but it seems that they
provide further reasoning for separating the aggregates from the non-aggregates during
analysis.
43.8.

Particulate Matter Characteristics Discussion.

The last topic for

discussion and comparison is the characterization o f the substances o f which the
particulates are comprised. This includes consideration o f high resolution transmission
electron microscopy (HRTEM), energy dispersive x-ray spectroscopy (EDS), and
selected area electron diffraction (SAED). Together, these tools provide the information
necessary to characterize the elemental components and the crystalline structures o f the
specimens under consideration. Table 4.4 displays a summary o f the results found using
these techniques on a number o f particles from each category. It is noteworthy that all o f
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the aggregates appeared to be amorphous, with the exception o f those from the sparkignition engine, which demonstrated both crystalline and amorphous characteristics.
Additionally, all of the non-aggregates showed signs o f crystalline structures as well. It
is no surprise, in dealing with the combustion o f carbon-based fossil fuels, that carbon
was detected in all o f the particulates that were analyzed. The other elements detected
were dependent upon the fuel source.

Table 4.4. Summary o f Particulate Material Information
Source

Particle Type

Structure

Elemental Components

Compression-Ignition Engine

Aggregates

Amorphous

c, o, s

Aggregates

Crystalline

C, O, Cl

Non-Aggregates

Crystalline

c, o, s

Aggregates

Amorphous

C, O, S, K, Fe

Non-Aggregates

Crystalline

C, O, S, K

Aggregates

Amorphous

C, 0, S, Ca

Non-Aggregates

Crystalline

c,o

Spark-Ignition Engine

Power Plant Inlet

Power Plant Outlet
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5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1. SUMMARY AND CONCLUSIONS
5.1.1. Comparison of Mobility and Microscopy Measurements. Sub-micron
particulates were sampled from the exhaust o f a diesel engine using thermophoretic
sampling and a mobility particle sizer. Particulate properties obtained from electron
microscopy images o f thermophoretic samples were compared to those from the mobility
instrument in order to evaluate their abilities to yield relevant particulate sizes.
From microscopy analysis, the diesel particulates were found to be fractal
aggregates of spherules, similar to flame-generated soot. Spherule and aggregate sizes
were separately found using these measurements, indicating relatively narrow and broad
distributions respectively.
The mobility particle sizer provided distributions o f “equivalent” particulate sizes,
which prevented characterization of spherules or fractal morphology by combining the
spherule and aggregate sizes into an overall dimension during the interpretation.
Average aggregate measurements found by microscopy were approximately twice
the size o f the mobility measurements for the present test conditions. Consequently,
overall trends in diesel aggregate sizes with respect to engine operating conditions were
captured by both experimental methods. Although such a correspondence is promising,
further investigations over a wide range o f engine operating conditions appear to be
necessary for generalization.
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5.1.2.

Particulate Characterization and Source Comparison. Three sources of

combustion generated particulates were investigated using a direct sampling technique
and several transmission electron microscopy analysis tools. Particulate were sampled
from a compression-ignition engine, a spark-ignition engine, and a coal/woodchip
burning power plant.
The spherules from the compression-ignition engine followed a normal
distribution, the spherules from the spark-ignition engine were not easily measured due to
the fused structures, and the spherules from the power plant were much larger than those
from the compression-ignition engine and followed a wide lognormal distribution. The
mean size o f the power plant spherules decreased to h alf o f the original value after
filtering through the baghouse.
The overall particulate sizes from each source followed a lognormal distribution,
regardless o f whether they were of the aggregate or non-aggregate form. The aggregates
typically did not show any crystalline characteristics, with the exception o f those from the
spark-ignition engine which often included crystalline structures.

Although the non

aggregates took on many forms, they were generally highly crystalline structures. The
hollow spherical and tubular structures o f the non-aggregates found in the spark-ignition
engine samples often exhibited a strong resemblance to those found in the power plant
samples. However, the power plant samples also contained many non-aggregates that
were various glob shapes that also consisted o f crystalline structures.
Distinction can be made between the particulates emitted from each o f the three
sources, based on elemental and structural differences indicated by the various analyses
performed under the TEM.
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5.2. RECOMMENDATIONS FOR FUTURE RESEARCH
The comparison of mobility and microscopy measurements could be extended to
include other sources of particulates, to evaluate the relationship o f the measurement
results under widely varying fuel types and combustion conditions. As mentioned in the
preceding sections, a predictable relationship between these measurements would be
invaluable to the combustion community.
Emissions from spark-ignition engines could be investigated further and may
include collecting samples directly from on-road automobiles for analysis and
comparison. Also, inquiry should be made to the effects of different fuel types (i.e.
various gasoline blends, ethanol, propane, or natural gas) on particulate formation.
Experiments for power plant particulate measurements could be extended to
include a variety of current combustor designs. Fuel types, operating conditions, boiler
operating principles, and emission reduction strategies could be evaluated using the direct
sampling methods implemented here. Additionally, laboratory experiments involving the
combustion o f pulverized coal and solid coal could be performed for comparison with the
industrial boiler experiments.
biomass may also be o f interest.

Studies including the combustion o f wood or other

APPENDIX A.
UMR UTILITY POWER PLANT
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Figure A .l. Utility Power Plant: Inlet Sample Location

Figure A.2. Utility Power Plant: Outlet Sample Location
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Figure A.3. Utility Power Plant: Schematic o f Boiler and Baghouse

Table A .l. Utility Power Plant: Fuel Analysis Summary
Sample
Wood
Wood
Coal
Coal

% Moisture % Ash % Sulfur BTU/LB. M AF BTU L B S S 0 2/M M BTU

27.66
37.51
10.19
9.31

0.84
0.79
10.84
9.81

<0.01
<0.01
3.32
3.08

6071
5291
11325
11597

-

14341
14338

<0.01
<0.01
5.86
5.31

Table A.2 Utility Power Plant: Boiler Summary (Day of Sampling)
Shift
12:00-8:00
8:00-4:00
4:00-12:00
24 Hours

Steam
(lbs)
255854
218205
161453
635512

Water
(lbs)
245236
211134
156406
612766

Coal
(lbs)
16400
13000
11000
40400

Woodchips
(lbs)
19268
25690
19268
64226
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Figure A.4. Utility Power Plant: Coal

Figure A.5. Utility Power Plant: Woodchips

Table A.3. UMR Boiler Log (Day of Sampling)
Unite

h im
Steam Flow
A ir Flow

lbs per hour
% Capacity

B F W Flow

lb s per hour

Forced Draft Fan
Furnace Draft
Flue Gas Out
Eonom izer Gas Out

% Hz (BO)
PSIG
inches H20
inches H20

Fly A s h Collector Out

in ch e s H 2 0

Overfire Fan Discharge
Cinder Return
Instrument A ir
Feed W ater Pressure
Drum Level (-15 - 0 - +15)
Drum Pressure
Econom izer Delta-T
Flue Gas From Econom izer DT
Baghouse Temp #1
Baghouse Temp #2
Baghouse Temp #3
Baghouse Temp #4
Baghouse DP
Baghouse DT
Super Heater Temperature

inches H20
inches H20
PSIG
PSIG
Fraction
PSIG
°F

Cinder Return Hoppers Check

M idnight 2:00 AM 4:00 AM 6:00 AM 8:00 AM 10:00 AM
32000
32000
33000
34000
33000
29500
37
39
38
39
40
40
30000
29000
30000
32000
31000
31000
0.3
0.25
0.3
0.3
0.25
0.2
-0.02
-0.02
-0.03
-0.03
-0.03
-0.03
1.0
0.9
1.1
1.1
1.0
1.0
2.6
2.6
2.7
2.8
2.5
2.6
5.4
4.9
5.1
5.0
5.0
5.0

°F
•F

•F
°F

°F
inches H20
•F

•F
V

10
13
102
217
0.8
163
498
342
317
344

10
13
102
218
0.2
161
495
340
314
340

268
322
2.26
13
427

272
319
2.22
12
427
V

10
13
102
215
0.3
162
500
343
307
340
278
315
2.18
13
427
V

10
13
102
215
0.8
164
500
345
302
340
278
317
2.338
11
427
V

281
329
2.34
12
425
V

2:00 PM

AM

PM

6:00 PM

25000
36
22000

23000
35
20000

18000
29
27000

21000
33
28000

0.2
-0.03
0.9
2.3
4.5

0.2
-0.03
0.8
2.2
4.4

10
13
102
227
0.5
160
460
320
317
336
277
310
2.06
13
425

10
13
102
229
0.5
151
460
320
305
341
287
314
2.06
15
425

0.2
-0.02
0.8
2.0
4.6
10
13
102
242
0.5
155
460
326
305
308
341
289
2.02
15
425

10
13
102
212
0.5
160
480
325
317
339
270
315
2.18
11
425

10
13
103
207
0.5
160
500
345
314
350

V

Noon

V

V

V

BM

PM 10:00 PM
22000
22000
38
29000

0.2
-0.02
0.9
2.1
4.0
10

32
28000
0.2
-0.03
0.8
2.0
3.7
10

13
90
240
1.5
154

13
102
241
1.0
155

460
330
310
343
284
322
2.78
17
425

460
325
318
339
229
312
1.86
15
425

13
102
235
1.0
155
460
330
339
283
217
316
2.14
16
425
V

V

V

0.2
-0.03
0.9
2.1
4.0
10
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Table A.4. UMR Boiler Log (Time o f Sampling)
Item

Units

Steam Flow
Air Flow
BFW Flow
Forced Draft Fan
Furnace Draft
Flue Gas Out
Eonomizer Gas Out
Fly Ash Collector Out
Overfire Fan Discharge
Cinder Return
Instrument Air
Feed W ater Pressure
Drum Level (-15 - 0 - +15)
Drum Pressure
Economizer Deka-T
Flue Gas From Economizer DT
Baghouse Tem p #1
Baghouse Tem p #2
Baghouse Tem p #3
Baghouse Tem p #4
Baghouse DP
Baghouse DT
Super H eater Tem perature
Cinder Return Hoppers Check

lbs per hour
% Capacity
lbs per hour
% Hz (60)
Hz

11:15 AM

(Before Ssampling)

15600
42
14700
31.9
15.3

11:45 AM

-

-

-

-

-

-

-

-

-

-

10
13

inches H 2 0
inches H 2 0

10
13

-

PSIG
%
PSIG
°F
*F
°F
°F
°F

-

240
50
150
425
316
313
339
290
313
1.98
14
425

°F
inches H 2 0
°F
#F
V

(After Sampling)

14700
40
14.2
30.7
14

318 (in)

240
50
150
425
316
325
340
300
315
1.94
14
425

304 (out)
V

317 (in)

303 (out)

APPENDIX B.
UNCERTAINTY ANALYSIS
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Experimental uncertainties and estimates were calculated following the methods
employed by Teng [1] and Neer [15]. The estimated uncertainty, u (y), for a measured
quantitiy, y(xl, x2, . s u b j e c t to n independent parameters is the positive square root
of the estimated variance, [w(y)]2, obtained from the following equation:

(B .l)

where u(xl) is estimated uncertainty o f the individual parameter xt . The uncertainties for
the present study are based on the 95% confidence level.
Estimates for error in spherule diameter, maximum length, width, and aggregate
area are 4%, 6%, 6%, and 10% respectively, based on past studies [1, 15, 18]. These
errors are based on the resolution o f the TEM and the uncertainty in measuring the pixels
with the image processing program.
Estimated uncertainties for the projected area equivalent diameter, da , were
calculated in the following manner:

\7T )
«(<**) _ u(A) _ 5%

(B.2)

(B.3)
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Uncertainties for the gyration diameter ( d g), the fractal dimension (D f ), and the
fractal prefactor (k f ) were obtained directly from Neer [15], and are calculated as
follows:

dg = d p

/
\ Df
f N '

(B.4)

\ kf j
(d d
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and from past studies [31],

<z = 1.09±0.04

(B .ll)

ka =1.15 ±0.35

Table B .l. Experimental Uncertainties for TEM Measurements
Source

Type

Compression-Ignition Engine
Spark-Ignition Engine

Aggregates
Aggregates
Aggregates
Non-aggregates
Aggregates
Non-aggregates

Power Plant Inlet
Power Plant Outlet

» (d D)
± nm
0.84
-

2.56
-

1.32
-

u(L)
± nm
16.74
22.5
34.74
15.42
25.32
32.16

u(W)
± nm
-

9
21.9
9.72
16.02
15

« ( d a)
± nm
8.7
9.5
21.4
9.9
21.6
20.9

Additional dimensions were calculated for the compression-ignition engine and
the uncertainties for these values are expressed in Table B.2.

Ill
Table B.2. Additional Uncertainties for TEM Measurements (C.I. Engine)
Speed
rpm
900
900
1800
1800

Relative Load
load
50
100
50
100

“ (dp)
± nm
1.04
1.16
0.8
0.92

« (d a)
± nm
11.3
15.7
8.7
10.0

u (d g)
± nm

u(D f)
±

u (kf)
±

33
49
23
30

0.05
0.02
0.10
0.09

0.33
0.22
0.45
0.45

The uncertainty in mobility diameter can be obtained from the DMA transfer
function [1]. The fluctuation in flow rates will cause variations in mobility sizes o f the
particles passing through the DMA. Due to the extensive coupling o f variables in the
transfer function, this analysis will only consider uncertainties for Qa , Qs, Qc , Qm, V ,
and D p . The uncertainty of D p is obtained by estimating uncertainties for the other five
parameters. Because an explicit relationship is difficult to derive, a perturbation method
[1] is used to estimate the uncertainty of D p as follows:

u{Dp) = |« D>(fi.))* +

(uD
/( Q j f +

(uD f (Q

where,

ud

«D.

(Q J =

D AQ a + u(Q '),Q „Q c,Qm,V ) - D A Q a,Q„

(Q
,)= D A Q a,Qs +u(Qa),

u» (Qc) = Dp

{Q,,Q„QC+ u(Qa),Qm,V )~ D .

(B.13)

(B.14)
Qc D
,Q p (Qa ,Q „Q
c,Q m,V)
(B-15)
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{Qm) = D ( Q a,Q siQc,Q m^ u ( Q ^ V ) - D ( Q a9Qs,QciQm9V)
uD (V) = D ( Q a9Qs,Qc,Q m,V + u (V ))-D p(Qa9Qs,Qc,Qm9V)

(B.16)
(B.17)

The preceding analysis is applied to polydisperse DMA measurements, neglecting
uncertainty caused by data reduction and CPC measurements. Table B.3 summarizes the
uncertainties for the DMA measurements.

Table B.3. Experimental Uncertainties for DMA Measurements
Relative Load
%
900
900
1800
1800

Speed
rpm
50
100
50
100

« (D P)
%
15.7
15.8
15.2
15.3

“ (Qa)
%
5
5
5
5

« (Q s)
%
5
5
5
5

“ (Q c)
%
5
5
5
5

“ (Qm)
%
5
5
5
5

u(V)
%
5
5
5
5
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